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Introduction
Treated effluent is presently being discharged to the vadose zone from the C-01 SH Effluent Treatment Facility (ETF) at the Hanford Site under an operating permit. The effluent being released has essentially no dissolved content, but contains significant tritium. Release of effluent began on November 12, 1995. It is estimated that average tritium levels in the effluent will be about 6,300,000 p C f i (Davis et al. 1995) .
Monitoring in wells around the disposal site indicates breakthrough of the treated waste water as demonstrated by increasing tritium activity levels in the groundwater. Well 699-48-77A, in particular, exhibits increased levels of tritium and also sulfate in the groundwater. The primary objective of this report is to identify the origin of the sulfate and to assess, if possible, the potential for further increases in the concentration level of sulfate in the aquifer and the maximum possible level of sulfate that could be attained.
Potential variation in aqueous sulfate concentration levels that could result from variation in effluent composition is also evaluated. This analysis assumes that the effluent achieves equilibrium with gypsum in the vadose zone. This information is presented as a basis for predicting the potential for decreasing sulfate levels by controlling or modifying effluent composition.
Origin of Sulfate
Identification of Breakthrough of the Vadose Zone Wetting Front
Water released from the ETF will infiltrate the vadose zone and move vertically downwards until it reaches the groundwater. Initial breakthrough of the wetting front can be determined by monitoring the concentration of constituents in groundwater samples that reflect the introduction of vadose zone water. These would be constituents originally present in the waste water or acquired by dissolution of minerals or salts in the vadose zone. Table 2 .1 summarizes the levels of chloride, sulfate, tritium, and specific conductance in selected groundwater samples collected from wells 699-48-77A, 699-48-77C, and 699-48-77D. Chloride and sulfate are constituents that are a measure of dissolution processes occurring in the vadose zone, while specific conductance is a measure of the total amount of dissolved material present in water entering the groundwater from the vadose zone. Tritium may be regarded as a chemically conservative constituent (i.e., nonreactive and nonsorbing) introduced with the treated effluent. This constituent is particularly useful in identifying breakthrough of effluent into the unconfined aquifer owing to much higher activity levels in the treated effluent compared to groundwater in the area.
Tritium activity levels in groundwater samples from well 699-48-77A indicate that breakthrough of effluent to the unconfined aquifer occurred by mid-July 1996 (Table 2.1). This conclusion is further supported by increased levels of sulfate observed in mid-July and increased chloride concentration and specific conductance values observed in samples collected in August. Breakthrough has also occurred in well 699-48-77C, based on the tritium activity of a sample collected on 8/22/96. No significant increase in the levels of tritium has yet occurred in samples collected from well 699-48-77D, although sulfate levels appear to have increased recently.
Changes in Groundwater Chemistry
Chemical analyses for selected groundwater samples collected from wells 699-48-77A, 699-48-77C, and 699-48-77D are presented in Tables 2.2, 2.3, and 2.4. This information provides a basis for describing the chemistry of water that has traversed the vadose zone and for identifying major waterkoil interaction processes responsible for controlling vadose zone water chemistry. In particular, changes in the chemistry of water samples collected from well 699-48-77A illustrates a transition from normal water chemistry of the area to a chemistry that reflects that of water entering the aquifer from the vadose zone.
The increase in specific conductance observed in samples collected from well 699-48-77A can be attributed to dissolution of minerals during infiltration of water through the vadose zone ( dissolution of gypsum, CaS0,.2H20, in the vadose zone. Increases in both calcium and magnesium may be due to the dissolution of a maginesium-rich calcite, CaCO,, in the vadose zone.
The hypothesis that dissolution of calcite and gypsum is an important control on water chemistry in the vadose zone may be tested by considering equilibria in the calcite-gypsum-water system (Garrels and Christ 1965; Freeze and Cherry 19'79). In particular, the water should be saturated with respect to these minerals if they are present in significant quantities in the vadose zone, and the fluid residence time is sufficiently long for equilibrium conditions to be approached. This approach was utilized by employing the chemical analysis of saniple BO5672 (Table 2. 3), collected from well 699-48-77A on August 6, 1996. Note that for this sample,
From this information, it is possible to calculate saturation indices for the water sample relative to gypsum and calcite and thus assess wherther the sample is undersaturated, saturated, or supersaturated
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with respect to these minerals. Performance of these calculations indicates that the water is slightly supersaturated with respect to calcite (saturation index = 1.69), but undersaturated with gypsum (saturation index = 0.082). It is concluded that calcium, alkalinity, and pH values are probably controlled by equilibria between vadose zone water and calcite, which is consistent with the ubiquitous presence of minor amounts of calcite in the vadose zone. It is further concluded that dissolution of gypsum is the probable source of sulfate in the water sample. The observation that the water sample is undersaturated with respect to gypsum suggests that gypsum is not present in sufficient quantities in the vadose zone to achieve saturation in the aqueous phase.
Soil Chemistry and Leaching Studies
Further insight into the transport of sulfate from the vadose zone to the aquifer can be obtained by considering information associated with soil analysis and soil leaching studies performed during characterization of the C-018H disposal site (Reidel and Thornton 1993) . In particular, data generated in the course of that work should indicate if sulfate is present in the vadose zone in sufficient quantities to account for the observed increases in sulfate levels in the groundwater.
Soil chemical data for samples collected in the vadose zone were below the limits of detection for sulfate (20 ppm) for all samples, except for a reported value of 37 ppm for a sample collected at a depth of 29.7 to 30.7 ft (Table 2.5). This interval was described in geological borehole logs as a zone containing calcrete, which generally contains calcite and gypsum. The analysis of the soil sample also indicated a concentration of 20,000 ppm calcium (Reidel and Thornton 1993) . Calcium concentrations of other soil samples analyzed ranged from 2,300 to 5,700 ppm. The interval from 23 to 65 ft was described as a silty sandy pedogenic carbonate associated with the Plio-Pleistocene unit and early Palouse soil. This is overlain by sand and gravel of the Hanford formation. The interval below 65 ft, and the remainder of the vadose and saturated zones, is dominated by the gravel sequence of the Ringold Formation.
Soil column leach tests were also performed during the C-0 18H disposal site characterization study (Reidel and Thornton 1993) . This work was conducted to determine if constituents in the vadose zone might be mobilized by infiltration of the treated effluent. Data from the tests can be utilized to determine the total amount of leachable sulfate associated with soil samples. The approach for doing this is presented in the Appendix and the resulting leachable sulfate soil concentrations are presented in Table 2 .5.
The data presented in Table 2 .5 indicates that sulfate is present at low levels in the vadose zone, reaching a highest concentration of 37 ppm in the interval from 29.7 to 30.7 ft (analysis BOlRG2). Although the data presented in Table 2 .5 do not cover the entire vadose zone, the data provide information regarding sulfate levels in the Plio-Pleistocene Unit. It is likely that the highest abundances of gypsum are associated with this unit. An average value of about 10.6 pprn for sulfate is obtained by considering the results of the leach tests and the 37 pprn value for soil analysis BOlRG2. 
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A relationship of predicted sulfate levels of water in the vadose zone versus number of pore volumes flushed through the vadose zone can be developed by considering the properties of the soil and the average sulfate value presented above. If we assume that the soil in the vadose zone contains 10.6 ppm sulfate and has a porosity of 33%, a maximum aqueous concentration of 58.1 mg/L of sulfate could be attained if it were all dissolved in one pore volume of water. This concentration would be twice as high (1 16.2 mgL) if we assumje all sulfate was dissolved in 1/2 pore volume of water or only half as high (29 m a ) if it were dissolved in 2 pore volumes of water. The relationship between potential sulfate concentrations of vadose zone water versus number of pore volumes is presented in 
Variation in Aqueous Sulfate Concentration during Mineral Dissolution as a Function of Initial Effluent Composition
The increase in sulfate concentration during dissolution of gypsum in water depends to some extent on initial solution chemistry. This section illustrates the magnitude of this effect by comparing gypsum solubility in pure water versus Columbia River water and in dilute CaCl, solutions. In particular, this approach is relevant to assessing the potential upper limits for sulfate uptake of treated effluent infiltrating the vadose zone.
The MINTEQA2 geochemical equilibrium speciation model developed by EPA (Allison et al. 1991) was utilized to perform this exercise. This model is very versatile in this type of application because it permits the assessment of control of solution chemistry by solids such as gypsum, CaS0,2H20, and calcite, CaCO,.
The chemical composition of Columbia River water is presented in Table 3 .1, which is an analysis of a composite sample collected several years ago (Thornton et al. 1995) . Note that the sample was fairIy dilute, with an ionic strength of about 0.002 and a pH of 8.0.
A summary of the modeling runs conducted with pure water (pH = 7) and river water (PH = 8.0) is presented in Table 3 .2. Total calcium, sulfate, and carbonate concentrations in these solutions were determined when equilibrated with calcite alone, gypsum alone, and both calcite and gypsum simultaneously. Calcite and gypsum are minerals commonly present in soil and generally exert a control of solution chemistry in the vadose zone and groundwater systems.
The data in Table 3 .2 illustrate that gypsum is more soluble than calcite. Both minerals dissolve to release calcium, while calcite also releases carbonate and gypsum also releases sulfate. Note the concentrations of calcium, sulfate, and carbonate present in water when both gypsum and calcite are present in excess; there is a slight increase in calcium and decreases in sulfate and carbonate relative to the cases where only the individual minerals are present. This may be attributed to the common ion effect (Ca2'). Table 3 .2 indicates that calcium, sulfate, and carbonate are present in Columbia River water. If calcite is present in excess of its solubility in river water, the solution concentration of calcium and carbonate increases while sulfate remains unchanged. If gypsum is added in excess, calcium increases and sulfate increases. While carbonate remains unchanged in this case, modeling results indicate the solution is supersaturated with respect to calcite. The last case presented in Table 3 .2 indicates the solution chemistry that would be expected if calcite precipitates so that the solution is saturated with respect to both gypsum and calcite. This case indicates that calcium and carbonate will decrease somewhat (in response to calcite precipitation), and sulfate will increase slightly (owing to the slight decrease in calcium concentration).
The results of these model runs indicate that minor variations in-initial solution chemistry have a relatively moderate impact on final sulfate concentrations in the presence of excess calcite and gypsum. Thus, pure water acquired 0.009154 molal sulfate (879 mg/l), while river water acquired 0.01042 molal sulfate (1001 mg/l). The results suggest, however, that a solution that contains calcium without carbonate would tend to dissolve less gypsum and thus have somewhat lower sulfate concentrations at equilibrium. 
Conclusions
The origin of recent observed increases in sulfate levels of groundwater in the vicinity of the ETF disposal site can be attributed to dissolution of gypsum by water flowing through the vadose zone. This is supported by the observation that sulfate was found to be present in soils collected from the vadose zone during initial site characterization studies.
Soil sulfate concentrations obtained from soil analyses and leach tests performed during the characterization study suggest that an average value of about 10.6 ppm sulfate is present in the vadose zone. The observed groundwater concentration of 190 mg/L sulfate could be achieved if 0.3 pore volumes of vadose zone water were to dissolve all of the gypsum present in vadose zone soils.
A maximum sulfate concentration of about 879 mg/L potentially could be achieved in the groundwater if it were assumed that water in the vadose zone were saturated with gypsum and calcite. It is unlikely that this level will be reached, however, since the concentration of sulfate present in the vadose zone is only about 10 ppm. It would be necessary for all of the sulfate in the vadose zone to be dissolved in only about 0.07 pore volumes of water to achieve gypsum saturation. If this were the case, we would expect to observe a relatively short period of very high sulfate levels (i.e., several weeks based on the observed breakthrough time of about a half year). It appears, rather, that sulfate achieved a maximum level of about 192 ppm in well 699-48-77A on August 6, 1996, and subsequently started to decline after gypsum dissolution was completed. It is suggested that infiltration rates were high enough that the effluent did not completely equilibrate with gypsum in the vadose zone and thus did not attain sulfate levels that would be expected if saturation was achieved.
Geochemical modeling results suggest that variations in initial effluent chemistry have relatively moderate impact on sulfate concentrations in the presence of excess calcite and sulfate. A solution that contains calcium without carbonate would, however, tend to dissolve less gypsum in the vadose zone, and thus result in somewhat lower sulfate concentrations at equilibrium. Thus, a 0.1 molar CaC12 solution could dissolve 455 mg/L of sulfate compared to 879 mg/L for pure water.
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